The surface abundances of extreme helium (EHe) and R Coronae Borealis (RCB) stars are discussed in terms of a model for their origin in the merger of a carbonoxygen white dwarf with a helium white dwarf. The model is expressed as a linear mixture of the individual layers of both constituent white dwarfs, taking account of the specific evolution of each star. In developing this recipe from previous versions, particular attention has been given to the inter-shell abundances of the asymptotic giant branch star which evolved to become the carbon-oxygen white dwarf. Thus the surface composition of the merged star is estimated as a function of the initial mass and metallicity of its progenitor. The question of whether additional nucleosynthesis occurs during the white dwarf merger has been examined by including the results of recent hydrodynamical merger calculations which incorporate the major nuclear networks.
INTRODUCTION
Extreme helium stars (EHe: spectral types O-A), R Coronae Borealis stars (RCB: spectral types F-G) and hydrogendeficient carbon stars (HdC) are early-to late-type supergiants with atmospheres almost void of hydrogen, but highly enriched in carbon (Jeffery 2008; Clayton 1996; Asplund et al. 2000) . They display an extraordinary mixture of atomic species in ratios very different to those likely to have been established when the star was formed. In addition to hydrogen and helium, anomalies include large enrichments of nitrogen, oxygen, fluorine, neon and phosphorus, detections of lithium and s-process elements, overabundance in silicon and sulphur, together with a large range in iron abundance (Jeffery 1996; Rao & Lambert 1996; . It is commonly accepted that the hydrogen is a remnant of the outer layers of the original star, the enriched nitrogen comes from CNO-processed layers, helium from CNO-processed material and partially triple-α-processed material, and the carbon from 3α reactions (Heber 1983) . There is increasing consensus concerning the origin of other elements, where the signature of material from the intershell (helium-rich) layers of asymptotic giant branch stars seems unmistakable .
In order to interpret these abundances, it is necessary to infer some cataclysm in the history of the star by which the hydrogen-rich surface has been either ejected or consumed, whilst at the same time revealing a mixture of both CNOprocessed helium, 3-α processed helium, and other highlyprocessed material. This same process must also have involved the creation of a cool supergiant which is currently contracting to become a white dwarf (Schönberner 1986) .
It was thought likely that EHe stars or RCB stars formed either following a final helium shell flash (or late thermal pulse) in a cooling white dwarf (Iben et al. 1983; Herwig 2000) , or following a merger between a carbonoxygen white dwarf and a helium white dwarf in a close binary (Webbink 1984; Saio & Jeffery 2002) . Consensus now strongly favours the white dwarf merger origin, supported by evidence of evolution timescales, pulsation masses, and surface abundances (Saio & Jeffery 2002; Clayton et al. 2007) . Efforts are now focused on securing the abundance measurements and on the question of whether the merger is cold (no nucleosynthesis) or hot. For example, Clayton et al. (2007) argue that RCB overabundances of oxygen in general and 18 O in particular are produced from nucleosynthesis during the merger, whilst Pandey & Lambert (2010) argue semi-quantitatively that no additional nucleosynthesis is required to match the observed abundances of H, He, C, N, O and Ne in EHe stars.
Evidently, we are far from an exhaustive understanding of (i) the evolution and (ii) the subsequent merger of two white dwarfs in a close binary. In the first instance, it is likely that the binary will have passed through at least one prior phase of common-envelope evolution. In the second, the merger of two white dwarfs involves the total destruction of the less massive star and the assimilation of a subsequent hot disk into the survivor. Both involve non-linear processes on dynamical timescales. Consequently, the accuracy with which current surface abundances may be used to infer past evolution may be legitimately challenged.
The object of this paper is to clarify the surface abundances which might arise under conservative assumptions for the merger of a helium white dwarf (HeWD) with a carbonoxygen white dwarf (COWD) and to compare these with observed abundance anomalies. The question of predicted birthrates and galactic distribution of double-white dwarf mergers and their correlation with the observed distribution of EHe and RCB stars will be addressed in a separate paper. Pandey & Lambert (2010) Thus, the known situation regarding surface abundances is reviewed in § 2. Background assumptions and calculations relating to the white dwarf merger model are discussed in § 3, particularly where these relate to the following. The mixing model used to infer merger surface abundances, together with the input from detailed stellar evolution and nucleosynthesis calculations, is described in § 4. The inferred elemental abundances are discussed in § 5. Finally, the sufficiency of the model is discussed in terms of whether additional nucleosynthesis is necessary. ( § 6).
THE OBSERVED SURFACE ABUNDANCES OF EHE AND RCB STARS
Over the last two decades, much effort has been expended on the accurate measurement of the surface abundances in EHe and RCB stars. These have been derived primarily from the analysis of high-resolution spectra using model atmospheres and theoretical line profiles which assume local thermodynamic, hydrostatic and radiative equilibrium (LTE). Model atmospheres have been computed using the codes MARCS (Asplund et al. 1997) for cool stars and STERNE ) for hot stars. RCB and very cool EHe abundances are based on MARCS model atmospheres which use continuous opacities from the Opacity Project, and treat line opacities using opacity sampling. Published EHe abundances are based on STERNE models which use ATLAS6-type continuous opacities and an opacity-distribution function computed specifically for a hydrogen-poor carbon-rich mixture (Möller 1990) .
It is important to note that although the abundances derived are in general consistent and not particularly sensitive to the model atmosphere structure, there are likely to be exceptions for individual elements. There are also improvements which could be made to the model atmospheres, and would lead to greater overall confidence in the derived abundances. For example, modern STERNE models include Opacity-Project continuous opacities and opacitysampling for lines (Behara & Jeffery 2006 but do demonstrate sizable differences in temperature structure and overall flux distribution from the earlier models. For most RCB stars the major opacity source in the photosphere is carbon, but the most abundant species, helium, is not directly observable. This has led to a "carbon problem" whereby it is difficult to measure the carbon abundance unambiguously (Asplund et al. 1997; ).
Since most EHe and RCB stars have low surface gravities, departures from LTE may also be important, particularly for the measurement of surface gravity and other quantities derived from strong lines (Jeffery 1998; Przybilla et al. 2005; Pandey & Lambert 2010) .
For the present paper, published abundance data for EHe and RCB stars are collated and summarised in Tables 1 and 2 . Abundances are cited in logarithmic units 1 such that
where log Σniµi + C = log Σni⊙µi + C⊙ ≈ 12.15,
and the normalisations are such that the logarithmic hydrogen abundance of the Sun ǫHe⊙ ≡ 12.00.
Measurements have been rounded to 1 decimal place and given without errors; the reader should refer to the papers cited for more detail, but in general these are typically ±0.2 − 0.3 dex. For space considerations, some elements measured in only a few stars have been omitted. Likewise, the HdC stars have been omitted, since iron abundances for these are not available. The EHe stars V652 Her (Jeffery et al. 1999 ) and HD 144941 ) have been excluded for a different reason. They are comparatively hydrogen-rich, nitrogen-rich and carbon-poor, suggesting a different history. The measured iron abundance for DY Cen (5.0) is untypical of other elements (Jeffery & Heber 1993) ; unpublished data suggest a higher value. In this paper we assume an iron abundance for DY Cen scaled to that of aluminium, silicon and sulphur (ǫFe = 7.3).
The emergence of overall patterns may be seen in Fig. 1 where each panel represents a different element, different symbols represent different groups of stars, [X] ≡ ǫi − ǫi⊙ represents the (logarithmic) elemental abundance relative to the solar abundance, and [Fe] represents the iron abundance normalised in the same way. To understand this plot, consider that a star having the same composition as the Sun would appear at the origin (0,0) in every panel. Stars with elemental abundances scaling exactly with the iron abundance would lie on a straight line through the origin and having gradient unity (as indicated by a broken line). Similar plots have been presented and discussed in detail by Asplund et al. (2000) and . In summary, their conclusions were as follows.
Elements unaffected by evolution
Iron: several elements appear to be representative of initial metallicity. Fe may be adopted for spectroscopic convenience, and it is unlikely to be affected by H and He burning and attendant nuclear reactions. find that Cr, Mn, and Ni vary in concert with Fe, so that these may also be taken as proxies for the initial metallicity. α−elements: Mg, Si, S, and Ca and also Ti follow the expected trend in which the abundance ratio α/Fe varies with Fe Goswami & Prantzos 2000) (with the possible exception of DY Cen: see above).
1 Conventionally, stellar abundances are given logarithmically by number, normalised such the logarithmic hydrogen abundance is equal to 12. This convention assumes that hydrogen dominates the composition. In evolved mixtures, hydrogen may be vanishingly small, so the convention loses value. The formalism given here preserves abundance values (ǫ i ) of species unaffected, for example, by the conversion of hydrogen to helium.
Aluminium: abundances follow Fe with an apparent offset of about 0.4 dex. Argon: in five out of seven EHes, Ar appears to have its initial abundance. Nickel: although Ni varies in concert with Fe in both EHes and RCBs, there is a disconcerting offset of about 0.5 dex between the two groups. At this juncture, one suspects a systematic error due to the use of different ions or lines in the two groups of stars. The difference serves as a reminder that caution must be exercised with all abundance measurements discussed here. Zinc: like Ni and Al, Zn correlates well with Fe, with a positive offset of ≈ 0.8 dex 2 . Again, one suspects a systematic error. Minority RCBs: Lambert & Rao (1994) identify a subset of four RCBs which show lower Fe abundance and higher Si/Fe and S/Fe ratios than the majority. These are indicated in Table 1 .
Elements affected by evolution
Hydrogen: excluding DY Cen and V854 Cen, the combined sample of EHes and RCBs have H abundances log ǫi in the range 4 -8. Lithium: a few RCBs are notably rich in lithium, which must have been produced simultaneously with or subsequent to the process which made these stars H-deficient (Asplund et al. 2000) . Carbon: excluding MV Sgr, the EHes show a mean carbon abundance log ǫi = 9.3, and a range from 8.9 -9.7, corresponding to a mean C/He ratio of 0.006 and a range from 0.003 to 0.010. The carbon abundance is more difficult to measure reliably in RCBs; the mean indicated by Table 1 is apparently lower than in the EHes; this is probably a direct consequence of the carbon problem referred to above (Asplund et al. 1997) .
In RCB and HdC stars cool enough to show CO, the 12 C/ 13 C ratio is generally found to be greater than 100 3 (Warner 1967; Cottrell & Lambert 1982) , confirming a 3-α or helium-burning origin for the carbon excess. Nitrogen: nitrogen is enriched in the great majority of EHes and RCBs above that expected according to the Fe abundance (Fig. 1) . Heber (1983) 16 O from the CO-core during post-AGB evolution, as has been suggested to explain high O abundances in PG1159 stars (Werner & Herwig 2006) .
Another solution is suggested by the remarkable discovery that the 18 O/ 16 O ratio in RCB stars (where observed) is close to and sometimes greater than unity, a ratio many hundreds of times higher than expected (Clayton et al. 2005 (Clayton et al. , 2007 . In HdC stars, the 18 O/ 16 O ratios are even higher (García-Hernández et al. 2009 , 2010 Warner (1967) speculated that under unusual circumstances a star might strip all of its envelope material precisely down to this narrow layer, but Clayton et al. (2005) concludes this to be highly improbable. Fluorine: the discovery of very substantial quantities of fluorine, first in several EHes and subsequently in most RCBs, was also unexpected (Pandey 2006; Pandey et al. 2008 ). It appears to be uncorrelated with Fe or O and is overabundant by 2 -4 dex. F is produced in the He-intershell of an AGB star through a (complex) combination of α−, n-and p-capture reactions (Lugaro et al. 2004 ), a conclusion confirmed by an observed correlation between C and F in the atmospheres of AGB stars (Jorissen et al. 1992; Abia et al. 2010) , and by observations of post-AGB stars that show F at the level predicted to be in the intershell (Werner et al. 2009) . Neon: high overabundances derived from Nei lines for a few intermediate temperature EHes were originally treated with scepticism -non-LTE being a possible culprit. A similar overabundance measured from Neii lines in LS IV+6
• 2 (Jeffery 1998) effectively substantiated the Nei results in other stars. Pandey & Lambert (2010) have made a recent non-LTE analysis of the neon abundances in three EHes, and confirmed a substantial overabundance approximately independent of the star's iron abundance.
22 Ne is produced via two α-captures on 14 N, so should be abundant in carbon-rich material derived from helium produced by the CNO-process. Phosphorus: an overabundance of P was first remarked in BD+10
• 2179 by Hunger & Klinglesmith (1969) . This was discounted from ultraviolet spectroscopy by Heber (1983) and . Overabundances have been reported in several other EHes by inter alia Kaufmann & Schönberner (1977) ; Jeffery & Heber (1992 , 1993 ; Jeffery (1993) , where they are systematically larger than in the sample studied by . Whether this represents a problem with gf -values deserves further investigation. P can be produced through neutron captures in an asymptotic giant branch star (of which more later). As the observations stand, P overabundances may be a key diagnostic of previous history. Heavy elements: two EHes are severely enriched in Y and Zr: V1920 Cyg and LSE 78 with overabundances of about a factor of 50 . A third, PV Tel, is enriched Iben et al. (1996) 0.0023 Han (1998) • 109 has a Ba abundance consistent with its initial metallicity.
Key Questions
The surfaces of RCBs and EHes primarily exhibit CNOprocessed helium. In addition, they show contamination by a residue of hydrogen, by 3α-processed carbon, and by additional α-capture products.
The primary challenge is to demonstrate a mechanism which will deliver the observed mixture, or range of mixtures, at the stellar surface. This mechanism must also be able to explain large overabundances of Li, 18 O, 19 F, possibly P, and various s-process elements.
MODELS FOR THE EVOLUTION OF CO+HE WD MERGERS
While evidence has accrued in favour of an origin involving the merger of a carbon-oxygen white dwarf with a helium white dwarf, this has not always been the favoured model. Valid questions include whether such mergers can occur, with what frequency, and with what outcomes.
The formation of CO+He binary white dwarfs
Webbink (1984) first recognised that one consequence of close binary evolution would be the formation and evolution of double white-dwarf binary (DWD) systems that could ultimately merge. The evolution of a main-sequence star results in an expansion that will bring it into contact with a sufficiently nearby companion. Such contact may result in stable Roche lobe overflow, or dynamical mass transfer, resulting in the formation and ejection of a common envelope. The outcomes depend on the binary mass ratio and on the structure of the larger star, and are diverse (Iben & Tutukov 1985) . The remnants include double helium white dwarfs; carbon-oxygen plus helium white dwarfs, and double carbonoxygen white dwarfs. Webbink (1984) estimated birth rates for the formation of each of these systems; similar estimates have formed one output of many subsequent binary-star population-synthesis studies of the Galaxy.
Up to the mid 1980's, a criticism of theory was the absence of hard observational evidence that short-period white-dwarf binaries actually do form, whether as a consequence of close-binary evolution or otherwise. This problem was largely addressed by the discovery of significant numbers of such systems (Saffer et al. 1988; Marsh 1995; Marsh et al. 1995) . Further discoveries were made as a result of large-scale white dwarf surveys (Napiwotzki et al. 2003; Nelemans et al. 2005; Morales-Rueda et al. 2005) .
At present, there exists a qualitative agreement between observed DWD space densities and their predicted birth rates. The question, as it applies to DWD mergers, will be addressed in more detail elsewhere (Jeffery et al. in preparation) .
Gravitational-wave radiation and dynamical mergers
There are two principles behind the idea that close-binary white dwarfs will merge to form a single star. The first principle is that angular momentum is removed from the binary by means of gravitational radiation (GR) and that, within a Hubble timescale, the less massive and consequently larger white dwarf will eventually fill its Roche lobe and a phase of mass transfer will begin. The timescale for orbital decay by GR is given by (τ /y) = 10
where P is the orbital period, M = m1+m2 is the total mass of the system and µ is the reduced mass (Landau & Lifshitz 1958; Marsh et al. 1995) , indicating that DWD systems with P < ∼ a few hours will reach contact within a Hubble time.
The second principle is that if the mass ratio
the increase of radius due to the reduction of mass (ξ(m) ≡ d ln r/d ln m) will exceed the increase in the Roche radius caused by the transfer of angular momentum. Mass transfer then becomes dynamically unstable and probably causes the components to coalesce (Pringle & Webbink 1975; Tutukov & Yungelson 1979) . For this paper we have adopted the mass-radius relation for a cold white dwarf reported by Lynden-Bell & Tout (2001), with β = 1.137 and µe = 2.02. Note that this relation, which is valid from subplanetary masses through to relativistic white dwarfs, gives ξ(m) markedly different to that used by Nelemans et al. (2001) , which lies very close to the classical non-relativistic r ∝ m −1/3 relation ( Fig. 2 ). For smaller q, mass transfer will be stable; but if the mass-transfer rate exceeds the Eddington rate, the envelope of the accretor will heat and expand leading to the possible formation of a common envelope and which could also cause the stars to coalesce (Han & Webbink 1999 ). Only at the most extreme mass ratios will mass transfer be stable, possibly leading to the formation of AM CVn systems (He+He WDBs) (Nather et al. 1981) . Significantly, all of the DWD systems for which mass ratios could be measured (Maxted et al. 2002) have q > qcrit.
Using this information together with DWD birth rates, population synthesis studies indicate a DWD merger frequency for the Galaxy of between 2.3 − 4.4 10 −3 y −1 (Iben 1990; Nelemans et al. 2001; Yu & Jeffery 2010) . Other estimates are indicated in Table 3 , broken down by binary type wherever possible.
Of particular interest, of course, is the frequency of double COWD mergers, since these are a possible (Webbink 1984; Iben & Tutukov 1984 ) but arguable (Saio & Nomoto 2004; Yoon & Langer 2005) source of Type Ia supernovae (SN Ia). Other outcomes are more likely (Iben & Tutukov 1984; Saio & Nomoto 1995 . Double HeWD mergers may produce sdO (Webbink 1984) or sdB (Iben 1990 ) stars, which are ubiquitous in old stellar populations (Brown et al. 2001; Busso et al. 2005; Lee et al. 2005; Rich et al. 2005 ).
SPH simulations of the dynamical merger
Several simulations of the white dwarf merger process have been attempted using smoothed particle hydrodynamics (Benz et al. 1990; Segretain et al. 1997; Guerrero et al. 2004; Yoon et al. 2007; Lorén-Aguilar et al. 2009 ). For CO+He WD mergers (e.g. 0.6+0.4 M⊙), these demonstrate the total disruption of the low-mass WD within roughly one orbital revolution (∼ 90s) and the conservation of ∼ 99% of its mass within a thick Keplerian disk. They also demonstrate substantial prompt heating of the disrupted material, with temperatures momentarily reaching several 10 9 K in the equatorial plane (Guerrero et al. 2004 ). However, the temperatures are not extremely high, the degeneracy of the disrupted material is rapidly lifted, and any thermonuclear activity is ultimately quenched.
Nucleosynthesis during a dynamical merger
In previous discussion of the post-merger product, Saio & Jeffery (2002) made the simplifying assumption that no nucleosynthesis occurs during the merger -this is the cold merger approximation.
Where 12 C and 4 He mix at sufficiently high temperatures, some thermonuclear activity will occur. Any 14 N will also be briefly exposed to α-burning. Using an elegant one-zone model in which orbital energy is converted to heat in a debris disk, Clayton et al. (2007) showed that certain nuclear abundances could be demonstrably altered during the merger. In particular, surplus 18 O could be produced through prompt nucleosynthesis of 14 N and 4 He from the debris of the helium white dwarf 4 , without being subsequently destroyed by an additional α-capture to form 22 Ne. Lorén-Aguilar et al. (2009) included a limited nuclear network in their dynamical merger simulation, and reported nuclear yields for various DWD progenitor combinations. Models which include some nucleosynthesis during white dwarf destruction will be referred to as the hot merger approximation.
Since the physics of DWD mergers is of substantial wider interest for the production of hot subdwarfs and SN Ia, the question of whether mergers are hot or cold is particularly relevant. Rephrasing: to what extent does nucleosynthesis occur as a direct consequence of heat generated by orbital energy dissipated during the merger, and do any nuclear products play a rôle in the subsequent evolution? In particular, is a hot merger necessary to explain the high 18 O/ 16 O ratio observed in RCB stars?
3.5 Models of thermal and nuclear evolution after a merger
The evolution of a WD rapidly accreting helium was first considered long before the possibility of DWD mergers was widely recognised (Nomoto & Sugimoto 1977) . This and subsequent calculations pursued the evolution of the accretor through and beyond off-centre helium ignition (Nomoto & Hashimoto 1987; Kawai et al. 1987 Kawai et al. , 1988 Iben 1990; Saio & Nomoto 1998; Saio & Jeffery 2000 . Such models have been used to approximate evolution following a dynamical merger by making some working assumptions. These include the less massive white dwarf being completely disrupted by the merger, forming a Keplerian disk and subsequently being assimilated onto the surface of the accretor. Assimilation has been assumed to be by spherical accretion at half the Eddington rate 5 (≈ 10 −5 M⊙y −1 ). Accretion was switched off once a pre-selected final mass was attained.
Conceptually, this approach is flawed. It implies that, following shell-helium ignition and subsequent expansion, the reservoir of material to be accreted (i.e., the remnant of the disrupted white dwarf) remains in a Keplerian disk deeply embedded within the giant envelope. Although such a disk might survive, it runs counter to the principle that viscous disks collapse on a much shorter timescale (Lynden-Bell & Pringle 1974 ). The disk is more likely to heat and expand to form a high-entropy envelope in hydrostatic equilibrium (Yoon et al. 2007 ).
In their simulations Saio & Jeffery (2002) assumed all accreted material to be deposited on the surface of the accretor, and to have a composition defined by the mean composition of a helium white dwarf. The chemical structure of the accreting CO white dwarf was obtained by evolving a star from the zero-age main sequence through to an appropriate point on the white-dwarf cooling sequence.
During post-merger evolution, there are two phases of convective mixing. The first is bottom-up nuclear-driven convection immediately following shell-helium ignition. In the Saio & Jeffery (2000 models, this occurs when the envelope mass is small, and does not produce very much mixing. Subsequent top-down opacity-driven convection develops when the star becomes a giant, and does not reach layers enriched by post-merger nucleosynthesis. The models consequently show very little chemical enrichment at the surface from C, O or other nuclear products due to this mixing.
The relative absence of 12 C or 16 O in the Saio & Jeffery (2002) COWD intershell contradicts the substantial enhancements predicted in the AGB intershell (e.g. Herwig (2000)), possibly because chemical evolution through the thermal-pulsing AGB was not treated in sufficient detail. Some additional merger sequences were therefore computed with enhanced β12 C = 0.2 and β16 O = 0.05, where βi represents the mass fraction of species i.
Consequently, Saio & Jeffery (2002) argued that the dynamical merger would have to disrupt the outer layers of the COWD in order to explain the observed EHe and RCB surface abundances of C. Scrutiny shows that the simple recipe adopted by Saio & Jeffery (2002) , and also by Pandey et al. (2001 ; Pandey & Lambert (2010) , requires further refinement.
First, the COWD models would benefit from a more realistic abundance distribution, particularly in the helium layer, which should have the composition of the intershell region of the progenitor AGB star.
Second, it was not appreciated that some COWD models (e.g. Saio & Jeffery 2002) 14 N may be completely destroyed by α-capture to 22 Ne before the helium-burning shell passes it into the CO core.
The object of the following sections is therefore to refine the simple recipe used in previous discussions of EHe and RCB surface abundances, to incorporate a more realistic description of the chemistries involved, and hence to develop a more quantitative framework in which to discuss white dwarf mergers as possible progenitors. 
THE SIMPLE RECIPE

Masses
As is evident from the preceding summary, the processes by which two white dwarfs may merge are far from straightforward. In addition, the overall distribution of elements in both stars is a function of the initial masses, metallicity and period in the original binary system. To become a COWD, the ultimately more massive star must first ascend the asymptotic giant branch, during which time the heliumrich intershell will be processed by a series of thermal pulses, whilst the hydrogen-rich envelope will be enriched by multiple convective dredge-up episodes. To create a close binary which will ultimately merge, the system must pass through one or more common-envelope phases, producing an abrupt change in the mass (at least) of one or both components. During the merger, the less massive white dwarf will be completely disrupted to form (a) a Keplerian disk and (b) a hot corona (Yoon et al. 2007; Lorén-Aguilar et al. 2009 ). During the disruption episode, temperatures and densities may become high enough for nucleosynthesis. Shear mixing between the disk, corona and the surface of the more massive white dwarf seems inevitable, though how deep such mixing would be remains to be explored. Subsequently, material from the disk and corona will be accreted onto the surface of the more massive white dwarf; the assumption is that it will be chemically homogenised. As this hot material forces the star to expand and cool, surface convection zones will develop from the surface. Flash-driven convection will develop following helium-shell ignition. Most of these processes are poorly understood. Where numerical models do exist, e.g. for the dynamical phases (Yoon et al. 2007; Lorén-Aguilar et al. 2009 ), or for the nuclear phases (Saio & Jeffery 2002 ), they are not yet joined up.
Until such time as they are, some simplifying assertions allow us to make order-of-magnitude arguments. The principal of these is that all material from the helium white dwarf, and all hydrogen-rich and helium-rich material from the carbon-oxygen white dwarf will be fully mixed during the dynamical phase of the merger. From the point of view of developing a recipe for calculating the chemical signature of the merged product, this assertion gives us the first set of parameters that will be required, namely the masses associated with each layer of material to be mixed. We adopt the notation m j:k to represent the mass of layer j of star k (see also Saio & Jeffery 2002) , thus: mH:He: the mass of the hydrogen-rich surface layer of the HeWD; mHe:He: the mass of the helium core of the HeWD; mH:CO: the mass of the hydrogen-rich surface layer of the COWD; and mHe:CO: the mass of the helium shell of the COWD.
This principal assertion actually takes two forms. In the conservative case, all material from both white dwarfs is included in the merged product. In the non-conservative case, some mass may be lost under which circumstance the above parameters represent the layer masses which survive the merger. SPH calculations suggest that white-dwarf mergers are conservative (Guerrero et al. 2004 ; Lorén-Aguilar et al.
2009).
Without additional processing, none of these layers con-tains sufficient carbon to account for the abundances observed in EHe, RCB and HdC stars. As in previous applications of this recipe, it is necessary to make a second assertion that some material from the outer edge of the carbon-oxygen core of the COWD has been somehow included into the mixture. For now, we define: mCO:CO: the mass of the carbon-oxygen core of the COWD; and
In addition, we have the total masses:
mHe: the total mass of the HeWD; mCO: the total mass of the COWD; m f : the final mass of the merged product.
In the conservative case, the number of variables is reduced since:
m k = Σj m j:k ; j = H, He, CO, k = He, CO.
Also, since helium (in general) dominates the final mixture and mHe:He >> mHe:CO >> mH:CO ≈ mH:He,
the observed hydrogen abundance naturally constrains the masses of the hydrogen-rich layers:
βH/βHe ≈ (mH:CO + mH:He)/mHe:He,
where βi represents the abundance by mass fraction of species i (Σiβi ≡ 1). Since in general EHes and RCBs show ǫH/ǫHe ≈ βH/(βHe/4) < 10 −4 , we conclude mH:CO + mH:He < 10 −4 mHe:He.
We have attempted to use a similar argument to estimate the mass of the carbon-oxygen core to be included in the mixed layers (mmix:CO) by supposing that the observed C and O come entirely from the COWD core; (βC + βO)/βHe ≈ mmix:CO/mHe:He.
It will be seen that this approach is too crude. With five masses to be adjusted in order to account for the abundances of hydrogen, helium, carbon, nitrogen and oxygen, the recipe appears under-constrained. Fortunately, stellar evolution theory provides additional information.
For example, Saio & Jeffery (2002) noted that in the conservative case for a 0.6 M⊙ carbon-oxygen white dwarf merging to form a 0.9 M⊙ product, the donor would likely have been predominantly helium with a mass mHe:He = 0.3 M⊙. On its surface would have been a hydrogen-rich envelope of mass mHe:H ≈ 10 −3 − 10 −4 M⊙ (Driebe et al. 1998 ), reduced to this value by Roche lobe overflow during its first ascent of the giant branch.
We now introduce the notion that a similar connection exists between the carbon-oxygen white dwarf and the initial star in the binary system. Assuming that both stars evolve as single stars up to the point of merger 6 , then models of 6 The fully self-consistent approach would be to find the initial binary (m 1 , m 2 , P orb ) that will produce a close white dwarf pair of appropriate dimensions and then to compute the evolution of both components in detail, including their passage through any mass transfer or common-envelope phases. stellar evolution through to the late asymptotic giant branch (Karakas 2010) (Fig. 3) give values for mHe:CO and mCO:CO in terms of m agb : the initial mass of the star which becomes a COWD.
Such models also give a value for the mass of the AGB star hydrogen envelope, but most of this will be substantially removed by stellar winds and may form a planetary nebula before the star becomes a white dwarf. Establishing the mass of the COWD as a function of its progenitor mass, the mass of the HeWD must lie below the minimum mass for core helium ignition, approximately 0.48 M⊙, and above the critical value for stable mass transfer ( § 3.2). To restrict the number of free parameters in our model, we therefore set
the lower limit for dynamical mergers (Eq. 5). This automatically prescribes the ratio mHe:He : mHe:CO for a given mCO and Z, and hence determines the dilution by the helium white dwarf of elements produced in the AGB intershell. However, we note that more massive HeWDs may exist, and that less massive HeWDs may merge as a result of a common-envelope phase. Thus, our simple recipe for predicting the surface abundances of the product of a cold, conservative He+COWD merger now only requires mi:CO and Z as primary inputs, together with a prescription for the composition of each component of the mixture.
Composition
We introduce the notation β ijk to refer to the mass fraction of species i in layer j of component k. Generally i ≡ z, the atomic number. We currently consider the abundances of: 1 H, Ni. Assuming the binary system was established with an initial metallicity Z, the composition of the hydrogen-rich layers in both components is then defined by a scaled solar composition (βi⊙). We adopt:
βHe:H:He = 0.28,
βH:H:He = 1 − Σi>1βi:H:He,
βi:H:CO = βi:H:He.
Generally, αi = 1, but in metal-poor environments (Z < Z⊙/10) the abundances of 16 O, 18 O, Mg, Si, S, Ca, Ti and Mn are observed to exceed the scaled solar value by as much as 0.5 dex (Goswami & Prantzos 2000; . αi(Z) has been chosen accordingly. The last relation implies that dredge-up into the H-envelope has been ignored, especially dredge-up on the AGB, but also dredge-up prior to the AGB. This is justified because mH:CO is so small that, apart from hydrogen, this layer makes a negligible contribution to the merger composition.
HeWD core
The composition of the HeWD core is assumed to have been produced by CNO-cycle hydrogen burning. This converts practically all of the carbon and oxygen (depending on temperature) to 14 N . To allow for incomplete CNO cycling in low-mass stars, we introduce the branching ratio fCNO between the full CNO cycle and the CN cycle. The composition is then given by: βi:He:He = βi:H:He, except . . .
β12 C:He:He = 0,
β13 C:He:He = 0, 
β18 O:He:He = (1 − fCNO)β18 O:H:He ,
βH:He:He = 0,
βHe:He:He = 1 − Σ i =2 βi:He:He.
Σi represents a sum over all isotopes of species i. So far, we have always used fCNO = 1, implying the full CNO cycle.
COWD shell
The helium-rich layer of the COWD corresponds to the intershell of the progenitor AGB star. The composition of this layer is the most interesting of all since it contains a combination of CNO-cycled helium, various α-capture products, and the products of a nuclear network which includes sprocess neutron-capture products. The yield of each isotope from these processes is a sensitive function of the initial abundances and of the temperatures and densities throughout successive thermal-pulse cycles of the AGB star. Given the importance of this layer to the final composition of the merged product, we have adopted intershell compositions from a grid of full AGB-star evolution calculations (Karakas 2010 
β13 C:He:CO = 0,
β14 N:He:CO = 0.
The AGB model grid of Karakas (2010) 
COWD core boundary
The outer layers of the carbon-oxygen core of the COWD will obviously lack hydrogen and helium and be dominated by 12 C and 16 O from the 3-α and 12 C(α, γ) 16 O reactions. An initial approach was to adopt a factor fCO ≡ β12 C /(β12 C + β16 O ) = 0.8 based on typical abundances for COWD cores from contemporary computations. Since the outer layers of the core will be those which most recently exited the base of the intershell, the abundances of most other elements can be set equal to those of the intershell: 
Apart from the introduction of realistic intershell abundances, this approach follows that discussed by Saio & Jeffery (2002) , which failed to explain the oxygen abundances without recourse to an ad hoc argument. Following discoveries of a large 18 O excess in several RCB and HdC stars (Clayton et al. 2007; García-Hernández et al. 2009 ), the models for COWDs used by Saio & Jeffery (2002) were re-examined and found to contain a substantial pocket of 18 O at the interface between the CO-core and the He intershell, as well as a reservoir of 22 Ne in the CO-core. The effective mass and composition of this pocket, as it would contribute to the merged white dwarf is not well constrained by the models we have available. For example, as the star leaves the AGB, the mass of this 18 O pocket may be some 3.10 −4 M⊙. Subsequent steady He-burning in the post-AGB phase (Fig. 4) produces an 18 O pocket in the pre-merger white dwarf of ≈ 0.008 M⊙(FWHM) having a mean 18 O abundance β18 O:CO ≈ 0.01. In the models of Saio & Jeffery (2002) , this pocket is destroyed when the pocket is reheated by the post-merger accretion-driven helium flash; a new but smaller pocket is established at the outer edge of the newly established Heburning shell. However, if the 18 O pocket or material from deeper in the CO core is mixed during the merger, it may survive. Recalling that there is insufficient carbon in the post-AGB intershell to account for all the carbon observed in EHe and RCB stars, it is highly plausible that any carbon mixed into the merger-product envelope from the CO core will be accompanied by 18 O. This will be diluted by ad- Ne is assumed to resemble that of the 0.60 M⊙ pre white dwarf shown in Fig. 4 , where a core mass of 0.58 M⊙ is defined by the point where the carbon and helium abundances are approximately equal. This composition distribution can be applied to COWD cores of different mass (mCO:CO) by scaling its thickness inversely as (0.58/mCO: CO) 4 (this scaling also approximately reproduces the mHe:CO − mCO:CO relation implied by Fig. 3) . 16 O ratio in the outer core, the factor fCO can be used to force a rescaling of these two species. The model shown in Fig. 4 has fCO = 0.8, but our AGB models suggest fCO = 0.5, probably reflecting differences in the adopted 12 C(α, γ) 16 O rate.
A parameter αmix represents the mass within the boundary layer which is mixed into the merged envelope. 
The shell mass m sh characterises the scaled shell thickness corresponding to 0.12 M⊙ in the 0.60 M⊙ pre-WD model. Thus αmix = 0 means that no carbon-enriched material from the boundary layer is mixed. αmix = 1 implies that all material down to the point where the carbon and helium abundances are equal is mixed. αmix = 2 means that the mixed layer reaches the region where 22 Ne and 16 O are abundant.
Other βi:CO:CO are as given previously, except βHe:CO:CO = 1 − Σiβi:CO:CO,
since this layer includes some helium from the base of the helium layer. The layer masses m jk are adjusted to take the blurring of the carbon-helium layer boundary into account.
Final abundances
The ingredients of our model thus comprise five layers of material with masses m jk , each having a representative composition β ijk defined by current stellar evolution theory. Assuming our primary assertion that all of these layers are fully mixed during the merger, and that no further nucleosynthesis affects the apparent surface composition of the merged product, then the latter is simply represented by
For comparison with observation, these abundances can be transformed to units more familiar in observational studies. Recall that mass fraction β is defined in terms of number fraction n: whence ǫi ≡ log ni = log βi µi + log Σiµini,
where ni are the relative abundances of species i by number (Σni = 1), and C is defined by Eq. 2.
Nucleosynthesis during a hot merger
In the cold merger model, the chemical composition of the HeWD is assumed to be unchanged during a merger with a COWD. However, SPH calculations indicate that some of this material may briefly reach temperatures of 6 × 10 8 K or more (Guerrero et al. 2004; Yoon et al. 2007; Lorén-Aguilar et al. 2009) , and that some nucleosynthesis of α-rich material will occur. Yoon et al. (2007) and Lorén-Aguilar et al. (2009) demonstrate how the disrupted material forms a relatively unprocessed disk containing slightly more than half of the HeWD, and a heavily processed corona containing the remainder. How the disk and corona are subsequently assimilated into the merged star, and what mixing processes occur, is not yet obvious. The simplest assumption is that turbulent mixing during the merger, and nuclear-and surface-driven convection following stable helium-shell ignition will completely mix both disk and corona with material from the intershell of the COWD.
This process can be incorporated into our model. Lorén-Aguilar et al. (2009) (Tables 1 and 2) give sample masses and chemistries for the disk and corona in the cases of a 0.3 + 0.5M⊙ and a 0.4 + 0.8M⊙ He+CO WD merger. Using mHe:He from Eq. 12 and interpolating we obtain m disk:He and mcorona:He for 0.3 < mHe:He < 0.4 (we do not extrapolate), and also chemistries for the same material. Lorén-Aguilar et al. (2009) compute models starting with a pure helium mixture for the HeWD and a carbon-oxygen mixture for the CO white dwarf, so we arbitrarily impose a Z-dependent lower limit on individual abundances in the disk and corona as given by the prescription for the cold merger. We note that contamination by a small amount of hydrogen and other metals will profoundly affect the predicted hot merger nucleosynthesis, but we have no data on how this might affect current results.
ELEMENTAL YIELDS
Cold merger
The predicted surface composition following the cold merger of a He+CO WD with some core mixing is illustrated in Figs. 5, 6, and 7. Fig. 5 shows the surface abundance of each species relative to the solar surface abundance as a function of m agb (the progenitor mass of the AGB star) for each of four initial metallicities Z. This figure demonstrates that several species show high yields roughly independent of m agb .
12 C and 18 O show uniformly high yields as defined by the core mixing parameters. The 16 O yield is proportional to the 12 C yield; effectively determined by the 16 O/ 12 C ratio in the outer edge of the core. The 14 N yield is proportional to Z as expected; it is determined by the initial CNO abundance. Note how the yields of 19 F, Na and Ne are strongly peaked in the interval 1.5 < m agb / M⊙ < 3, whilst 31 P and Al are only significantly enhanced (≥ 0.5 dex) toward higher masses (m agb > 2 M⊙). These yields reflect the AGB intershell nucleosynthesis. Meanwhile 12 C, 14 N and 18 O are enhanced almost uniformly with m agb and Z, effectively as the model was designed to deliver. Fig. 6 shows these same data rearranged as a function of initial metallicity [Fe] ≡ log Z/Z⊙ for four representative masses m agb = 1, 1.9, 3 and 5 M⊙. They are plotted together with the observed abundance data in exactly the same way as in Fig. 1 . Since we have only used two AGB models for the s-process elements, a single broken line represents the provisional prediction for m agb ≈ 3 M⊙. Several correlations are noteworthy.
Cold merger: individual elements
Carbon: the model carbon enhancement was chosen to match the abundances measured in EHe stars by adjusting the degree of core mixing. The EHe carbon measurements are probably more representative than the RCB measurements because of the "carbon problem" referred to earlier.
The EHe star data show a significant scatter. Allowing αmix to vary by ±1 gives results still broadly consistent with the observed carbon (and oxygen) abundances. Fig. 1 . The over-plotted lines represent the surface abundances predicted from a cold CO+He white dwarf merger. Predictions for four initial masses are shown: m agb /M ⊙ = 1 (dotted), 1.9 (dash-dot), 3 (dashed) and 5 (solid). Two or more lines are coincident in several panels, especially where only a single solid line appears. The very provisional result for s-process elements (see §4.2.2) is represented by a single dashed line. In this simulation, most of the the carbon and oxygen are dredged from the carbon/helium boundary layer at the top of CO core (α mix = 3, f CO = 0.8).
Nitrogen: a generally excellent correlation with the observations, supporting the basic assumption that the surfaces of EHe and RCB stars are primarily CNO-processed helium.
Oxygen: a modest 18 O pocket at the helium-carbon boundary in the CO white dwarf progenitor may explain the most extreme oxygen abundances seen in metal-rich EHe and RCB stars, providing this layer is mixed during or immediately after the merger. Note, however, that oxygen isotope ratios are known for only a few RCB stars and for no EHe stars, that
18 O may be destroyed by high temperatures during the merger. An alternative is that the 16 O: 12 C ratio in the outer core is approximately unity or more. Neon: intermediate-mass models (1.9, 3 M⊙) show significant enhancements of neon, formed primarily in the intershell of the AGB precursor. These match a few of the observed neon abundances, but the very high abundances measured in at least seven EHes are not yet explained by this model. Fluorine: as in the case of neon, a significant 19 F excess is generated in the intershell of the intermediate-mass models (1.9, 3 M⊙), suggesting a likely source for the observed excess. However, the predictions remain ≈ 1 dex smaller than the measurements. However, 18 O from the C/He boundary in the COWD provides an ample reservoir for the prompt production of 19 F if it is sufficiently heated, together with protons, during the merger; thus the model prediction represents a strict lower limit. Sodium, Aluminium, and Magnesium: the recipe predicts some enhancement of these light elements over their initial values, particularly at low-Z for aluminium and magnesium. These predicted abundances are broadly consistent with the measurements for EHe and RCB stars in the case of sodium and aluminium. The under abundance of magnesium in both EHe and RCB stars at low-Z requires further investigation.
Phosphorus: a primary motivation for this investigation, the recipe shows that 31 P generated in an AGB intershell can propagate to the surface of a subsequent white dwarf merger. The recipe only predicts significant overabundances at low-Z. Although this is consistent with one low-Z phosphorus measurement and eight high-Z EHe measurements, the recipe does it not explain a ≥ 1 dex overabundances observed in eight other high-Z and one low-Z measurements. Silicon, Sulphur, Argon, Calcium, Titanium, Chromium, and Nickel: the cold merger recipe predicts negligible (silicon) or no enhancement beyond that expected from the enhancement of α elements in low-Z progenitors. The observations are broadly consistent with the recipe predictions for all of these elements. A number of stars with up to 1 dex enhancements of silicon, sulphur and/or argon demand further attention. In particular, the observed scatter of ±1 dex in silicon is not obviously explained by this recipe. s-process: our provisional predictions for the s-process elements zinc, yttrium, zirconium, barium, lanthanum, cerium and neodymium indicate a substantial excess is expected in all cases except zinc. The predictions are all in excess of the mean trend of the observed abundances (or their upper limits). For Y, Zr, and La, they are not in excess of the upper limit of the observed abundances. Given the small number of models available, and the probability that other factors will affect the observed distribution of s-process abundances, these results are inconclusive, but encouraging.
It will be noted (e.g. from Fig. 6 ) that the predicted excesses of certain elements are strong functions of the progenitor mass (m agb ) and metallicity. Notable amongst these are neon, fluorine, sodium, and magnesium. An early objective of this investigation was to determine whether the observed abundances placed any firm constraints on the progenitor mass. For example, significant excesses (which are observed) in neon, fluorine, and sodium are predicted for 1.9 < m agb / M⊙ < 3, whilst an excess of magnesium (which is not observed) is only predicted for m agb / M⊙ ≥ 3. The evidence from phosphorus and aluminium remains ambiguous. The suggestion is therefore that the progenitor AGB stars had initial masses in the range 1.9 < m agb / M⊙ < 3. This suggestion assumes that the binary components evolved essentially as single stars up to the AGB, plausible if the first common-envelope phase required to produce the shortperiod double-white-dwarf binary occurred after the more massive star reached the AGB. Figure 7 illustrates the effect of αmix on the abundances of the principal elements C, N, O and Ne, and also shows the contribution of 18 O to the total oxygen abundance. It must be noted that these results depend strongly on the composition profile at the carbon-helium boundary, and in particular on the 16 O: 12 C ratio immediately below the boundary layer. The intent is to demonstrate the effect of increasing the depth of mixing on the final model abundances. αmix = 0: the first row of Fig. 7 represents the case of no contribution from the boundary layer, oxygen completely fails to match the observed abundances of EHe and RCrB stars. There may be sufficient carbon in the intershell of intermediate mass (m agb ≈ 2−3 M⊙) to reproduce the lower envelope of the carbon and neon abundances, but not the full range. αmix = 1: the second row of Fig. 7 , representing mixing down to the helium/carbon equilibrium point, has similar results for carbon, nitrogen and neon, but immediately shows much more oxygen at high Z. This oxygen is almost entirely 18 O (assuming that it survives the actual merger). The careful reader will note that the carbon abundances are slightly depressed compared with αmix = 0; this is due to a mismatch between the intershell carbon abundances given in the Karakas (2010) models and the abundances in the pre-WD model shown in Fig. 4 . αmix = 2: slightly deeper mixing substantially improves the carbon result without much change to other elements. αmix >> 2: with very deep mixing, the models start to show too much carbon. Oxygen is increasingly composed of 16 O and becomes independent of Z, although at high Z,
Cold merger: core mixing
18 O remains a significant constituent. The contribution of 22 Ne from the core has an almost negligible impact, even in high-Z models.
As noted above, a shift in the 12 C/ 16 O ratio immediately below the boundary layer alters the chemical balance. By setting fCO = 0.3, it was possible to obtain a good correspondence between model and observation for C, N, O, and the 18 O/ 16 O ratio at the same time (not shown). However, the value of fCO required is unjustifiably smaller than the value of 0.5 obtained in the Karakas (2010) models. The prospects for neon seem less good; its abundance is primarily limited by the original CNO abundance.
Further investigation of the chemical structure of white dwarf models derived from realistic AGB calculations will indicate whether the cold merger model stands up to scrutiny. Meanwhile, Fig. 7 suggests that αmix = 3 is satisfactory for the time being. Moreover, by indicating how much material from below the C/He boundary must have been mixed, the value of αmix may also tell us something about the (cold) merger process itself. Figure 8 shows the chemical yields predicted by this simplification of the hot merger model. In this case, there is no contribution to the carbon and oxygen from mixing with the He/CO boundary layer from the COWD. All of the excess carbon and oxygen comes from nucleosynthesis during the merger.
Hot merger
The calculations by Lorén-Aguilar et al. (2009) indicate significant production of iron, nickel and zinc, and very large quantities of argon, calcium, titanium and chromium produced by α-capture reactions in the hot corona, especially towards the upper limit of the He-WD mass range (0.4 M⊙). At this limit, the titanium and chromium yields are so high as to be off scale in Figure 8 ; thus we have restricted the nucleosynthesis of these two elements to the lower limit of their predicted range. The theoretical yields of iron, nickel and zinc are below the threshold defined by the initial metallicity and hence have no effect on the final abundances (Fig. 8 ) compared with the model for the cold merger (Fig. 6) .
The surface abundances following a hot merger as predicted by the simple recipe are shown in Fig. 8 . Recall that mixing at the carbon-helium boundary is switched off in this case. The predictions are complicated by having very few models amongst which to interpolate, making the Zdistribution of elements strongly affected by merger nucleosynthesis indicative rather realistic (cf. argon and calcium) Carbon and Oxygen:, all surface carbon and oxygen is produced by nucleosynthesis during the hot merger. The quantities are comparable with those from the cold merger, but in this case no parameters were tuned to achieve the correct outcome. Sulphur: additional sulphur produced in the hot merger provides a better fit to the observations than in the cold merger. Argon: there is weak evidence of an argon excess in some EHes; this provides some support for its formation in a hot merger, possibly in higher-mass mergers (m agb > 2 M⊙). Calcium, Titanium, and Chromium: the SPH merger calculations of Lorén-Aguilar et al. (2009) , combined with the merger recipe described here, predict very high surface abundances of these three elements in nearly all cases. There is no observational evidence that any of these elements is significantly overabundant in any EHe or RCB star analysed to date. If EHes and RCBs are formed in a merger, there is no evidence that reactions leading to the production of calcium, titanium, or chromium operate during the merger process. This places strong constraints on temperatures and timescale of the hot merger. Fluorine: although not treated in the models of Lorén-Aguilar et al. (2009) Fig. 8 .
Uncertainties
The obvious question is what confidence can be placed on using a simple recipe to predict the outcome of a complicated process? For any element which is produced outside the standard hydrogen and helium-burning reactions (e.g. sprocess elements in the AGB precursor), the major impact on the final surface yield is the degree of dilution by the accreted helium white dwarf. In our recipe this is primarily constrained by the minimum white dwarf mass for a conservative merger. Were mHe to exceed this value, the predicted excesses would be reduced. This does not help to explain neon, fluorine or phosphorus in EHes. Were the merger to be non-conservative (efficiency α < 1), yields might increase by factors 1/α. SPH calculations support α = 1. Efficiencies α ≪ 1 would be surprising. Explaining neon, fluorine and phosphorus would require α < 0.1.
The neglect of specific mixing processes or individual reactions in the stellar evolution models will impact on the recipe predictions. For example, the intershsell compositions from Karakas (2010) were computed without the addition of a 13 C pocket. This pocket is thought to form by the mixing of protons from the H-rich envelope into the intershell during the deepest extent of a third dredge-up episode. These protons are quickly captured by the abundant 12 C resulting in the formation of a 13 C pocket. Here, neutrons are liberated by the reaction 13 C(α, n) 16 O during the interpulse. Note that in most calculations the 13 C pocket is added artificially or induced through the inclusion of convective overshoot (e.g . Herwig 2000) . Whilst 13 C pockets facilitate the formation of s-process elements, they are also important for enhancing the abundance of some lighter elements including 19 F, 22 Ne, and 23 Na (Lugaro et al. 2004; Karakas 2010 ).
Legitimate questions concern the core and shell masses for the AGB stars, the yields obtained in the AGB intershell nucleosynthesis and in the hot merger nucleosynthesis. For example, how sensitive are the masses adopted here to the microphysics, e.g. convection, rotation, mass-loss and/or mass transfer? Since the model abundances are computed for CO+He WDs with q = qcrit, would additional dilution produced q > qcrit seriously compromise the results? If mass transfer occurs before AGB evolution is complete, or even before the star reaches the AGB, are the intershell-yield versus initial-mass relations still acceptable? What would the hot-merger nuclear-hydro calculations look like with more realistic networks and initial composition? We have discussed the question of the chemical structure of COWDs, particularly at the C/He boundary layer. Additional calculations for hot mergers with more extensive reaction networks and robust starting mixtures are also urgently needed.
CONCLUSION
The object of this paper was to clarify the surface abundances which might arise under conservative assumptions for the merger of a helium white dwarf with a carbon-oxygen white dwarf, and to compare these with observed abundance anomalies for extreme helium and R Coronae Borealis stars. We have collated the observational data describing the surface abundances for the latter, and presented it, element by element, in a way that demonstrates any current excess over the progenitor composition. We have discussed the background to the physics of binary white dwarf mergers and their association with the formation of extreme helium stars and R Coronae Borealis stars. We have developed a more elaborate version of the simple recipe used to estimate surface abundances in previous discussions of this question (Saio & Jeffery 2002; . We have incorporated state-of-the-art calculations of the masses and lightelement composition of AGB intershell regions (Karakas 2010) . We have made allowance for the existence of an 18 O pocket at the outer edge of the CO core. We have considered the difference between a cold and a hot merger, i.e. whether additional nucleosynthesis occurs during the destruction of the helium white dwarf.
Both models successfully match, or can be made to match, the observed surface abundances of carbon, nitrogen, and oxygen. The excess nitrogen comes primarily from the helium white dwarf as the residue of CNO-processed carbon and oxygen. In the case of the cold merger model, the excess carbon and oxygen comes from the carbon-helium boundary of the carbon-oxygen white dwarf. A substantial fraction of oxygen probably takes the form of 18 O from a pocket just beneath this boundary, but 16 O dredged from deeper layers will also be present. In the case of the hot merger model, the excess carbon and oxygen can be produced during the merger. It is possible that the observed excess comes from both sources.
Both models predict up to 1 dex enhancements of 19 F and 31 P, but not enough to match the observed overabundances of fluorine and phosphorus. These elements come from the AGB intershell. An examination of mixing at the carbon/helium boundary of the COWD suggests that ob-served neon may come from the outer part of the carbon/oxygen core.
Both models predict modest overabundances of sodium, aluminium and magnesium, particularly at low metallicity. These broadly match the observed abundance distributions in sodium and aluminium. Magnesium is not observed in excess at low-Z.
The hot merger model currently predicts overabundances of calcium, titanium and chromium which are not observed. The model overabundance of argon is roughly consistent with available measurements, suggesting that argon might be produced during hot merger nucleosynthesis. We do not yet have AGB intershell yields for argon, which would affect the cold merger predictions.
We still require state-of-the-art data for s-process yields in AGB intershell.
Overall, the majority of species observed to be overabundant in EHe and RCB stars are found to be enhanced in reasonable quantity in one or other of the white dwarfs prior to merger. In other words, additional nucleosynthesis during a merger solves very few problems, although that does not mean that it does not happen. 
